Oxidized coal is the coal that recovered to environment temperature when the heat-storing environment is destroyed during the self-heating process, which is quite common in the process of coal mining and utilization. The spontaneous combustibility of oxidized coal differs from that of raw coal, which needs to be studied specially. In this paper, the development of microstructure characteristics, spontaneous combustibility and structure-function relationship of oxidized coal was reviewed. The proposed shortcomings, less of influence effects and factors, had been summarized. On the basis of deficiencies, the suggestions of studying microstructure mechanism and gross feature of coal secondary oxidation, also the structure-function relationship were put forward.
Introduction
All Coal spontaneous combustion hazard threatens the coal mining and utilization. Due to the self-heating property, once revealed and contacted with oxygen, coal would be oxidized. If the conditions outside destroyed the heat storage environment in this process, coal would be cooled down, then oxidized coal is formed. It is quite common in the process of coal mining and using, such as residual coal in upper goaf of layering mining of close distance coal seam groups and thick coal seam, coal in recovery working face, coal in the closed fire area which is extinguished [1] . In addition, outcrop or ground coal storage pile, due to the comprehensive effect of natural environment of the wind, sun or rain, could become oxidized coal, also called weathering coal. Due to the initial oxidation, the microstructure of coal changes in different degrees, which lead to different spontaneous combustibility, showing the enhancement or weakening effect.
The mining practice shows that oxidized coal is usually more easily spontaneous combustion than the raw coal. For example, there was a special gas explosion accident in Babao coal mine in 2013. The main reason was that the air leakage from upper section of working face, leading to the oxidation of coal, which caused gas explosion in Goaf [2] . Also, the residual coal in the re-mining area of the working face is very easy to self-heat [3] , and the sealing of the closed fire area is very easy to reignite [4] , which indicates the self-heating enhancement effect of oxidized coal. However, in the natural oxidation conditions, the weathering coal is not prone to spontaneous combustion, showing the weakening characteristic of spontaneous combustion. In recent years, the spontaneous combustibility of oxidized coal was more and more accounted, including the mechanism and kinetics characteristic parameters. Organization of the Text
Microstructure characteristics of oxidized coal
The combustion of coal is an extremely complex physical chemical process, which is closely related to its microstructure with the dynamic change of physical and chemical properties. A large number of studies have shown that the spontaneous combustion of coal is closely related to the structure. At present, XRD, XPS, infrared spectroscopy and other experimental methods are used to study the microstructure characteristics of coal oxidation.
Mahidin [5] used the industrial analysis experiment to compare the samples of raw coal and oxidized coal, and found that with the increase of pre-oxidation temperature, the water and volatilization of the oxidized coal decreased rapidly and the oxidization increased rapidly. By the XRD experiment method, Dai [6] tested the microcrystalline structure characteristics of coal at different temperatures, and found the gradually decreasing of layer spacing and increasing of average diameter of the aromatic layer with the increasing of oxidation temperature. Li [7] used XPS technology to find that main existence form of carbon on the surface of raw coal was carbon-carbon bonds or carbon hydrogen bonds. After the carbon elements of the coal were gradually oxidized, the content of carbon and oxygen slightly increased, and the carboxyl group increased obviously. Using infrared spectrum analysis method, Chu [8] analyzed microstructure and characteristics of oxidized coal samples under different temperatures, and got the functional group distribution, which considered that the hydroxyl group in coal molecule and the methylene group connected with aromatic group were more active groups.
Infrared spectrum technology was used to study the coal samples at different temperature by Zhou [9] . Through differential spectral analysis, the change law of each group in the process of coal oxidation heating up was obtained, and the coal oxygen compound reaction activity of the groups was obtained: amino > methyl, aromatic methylene > carboxylic acids, lipids, vinyl > ethers. Kong [10] compared the infrared spectrum of coal samples before and after oxidation. The lower metamorphic coal contains more active groups such as phenolic hydroxyl group, alcohol hydroxyl group and so on. After oxidation, the aliphatic chain was broken, alcohols and phenols were oxidized to carboxylic acids, and aromatic rings were not affected for their high stability. By the method of infrared spectrum experiment, Deng [11] compared the characteristic parameters of oxidized and raw coal samples in Shaanxi Jurassic coal field, and found decreasing of moisture, increasing of oxygen content and surface area, and the number of aromatic hydrocarbon structure and fat structure were decreased for the oxidized coal. By infrared spectroscopy, Xia [12] tested the oxidation of coal surface oxygen functional groups (C-O, C=O, COOH) and the serious weathering coal surface oxidation. In addition, using quantum chemical simulation, Wang [13] found that the structure model of coal was constructed, simulating the adsorption and oxidation reaction mechanism of coal at different temperatures.
Dynamic characteristics of spontaneous combustion of oxidized coal
The Due to the microstructure changes of oxidized coal, the re-oxidation process shows different spontaneous combustion characteristics. The dynamic characteristics of the spontaneous combustion process of oxidized coal are studied by using different heating methods.
Ma [14] tested the quality and its change rate of the lignite in the oxidation process under different temperatures, and found that the characteristic temperatures of coal spontaneous combustion. Moreover, coal could be oxidized to be higher than the environment temperature. Li [15] tested the influence of temperature on the law of gaseous compound emission during the coal spontaneous combustion process with the method of programmed heating. Qi [16] tested the dynamics characteristics of oxidized coal samples under different oxygen concentration in the lean oxygen environment during the coal spontaneous combustion process. The lower the oxygen concentration was, the higher the activation energy needed. And the activation energy in low temperature stage was higher than that in high temperature stage. Yuan [17] found that after initial oxidation, the coal activity in secondary oxidation process increased, in response to activation energy was reduced. When the oxidation temperature is higher, the energy needed for secondary oxidation reaction was lower. Chen [18] applied thermogravimetric analysis technique to study the combustion reaction activation energy of oxidized coal with different oxidation degree by the Coats-Redfern integral method. Compared with raw coal sample, high temperature treatment of coal sample resulted in higher oxidation activity. Some scholars have studied the spontaneous combustion characteristic parameters of oxidized coal. Wen [19] found that CO production rate and oxygen consumption rate increased with the increasing temperature in the process of coal spontaneous combustion. Zhang [20] studied the spontaneous combustion characteristics of raw coal and oxidized coal, using temperature programmed experiment, finding that the spontaneous combustion risk of oxidized coal enhanced. Yang [21] developed the fire area sealing and rekindling simulation experiment system independently, and studied the rule of gas products of coal in the fire areas under different conditions. With infrared spectrum, Lu [22] studied the problem of unsealing coal, and found that the physical and chemical condition changes in the heating process of coal in goaf, oxygen adsorbing is easy for heat transfer, and prone to spontaneous combustion. Zhang [23] analyzed the relationships between the concentration of CO and CO2 and time for oxidized coal samples and raw coal sample, considered that the gas concentration of coal samples was reducing with the increasing of time, and the gas concentration of oxidized coal samples was lower than that of raw coal sample. In addition, Deng [24] carried out the inhibition experiment with selected the different resistance agents for the oxidized coal, determining the inhibitor agent working and promoting burning time.
Relationship between microstructure and spontaneous combustion of oxidized coal
On the basis of essential relationship between coal spontaneous combustion macroscopic characteristics and its microstructure change rule, some scholars used different methods and technologies to establish the relationships between microscopic structure and spontaneous combustion characteristic parameters, and tried to reveal the spontaneous combustion mechanism of oxidized coal from different angles.
Dong [25] attained micro pore distribution data of different coal sample using the mercury injection experiment, and tested the relationships between microscopic pore structure of coal and spontaneous combustion tendency under different temperatures through the simulation of coal spontaneous combustion experiment system. DV Miroshnichenko [26] carried out pre-oxidation on the coal sample by heating, and studied the influences of oxidation activity on the functional groups types on coal surface and the number change using TPD-MS and TG-DTA, which found that the surface functional groups and distribution of different oxidation degree of coal samples were different. Yu [27] tested oxidized coal samples under different temperature with infrared spectrum experiment. The results showed that the reaction of various functional groups of coal in the activation need different energy, types and number of functional groups in the oxidation reaction. Through analysis of the absorbance for oxidized coal and fresh sample of wuda mining area with infrared spectral analysis technology, Xu [28] revealed the characteristics functional groups change law of coal before and after oxidation.
Guo [29] compared and studied the coal oxidation process of raw coal and oxidized coal, and found that the burning temperature of oxidized coal declined. When the temperature of bituminous coal increased with the evaporation of water, the fat hydrocarbon chain of coal broke, and alcohol, phenol was oxidized to carboxylic acid. Aromatic ring and ether bond were not affected due to its high stabilities. Liu [30] tested the structure characteristics of lignite under different temperatures with infrared spectrum analysis and EDS, identifying the impact of pre-oxidation temperature on lignite spontaneous combustion based on the junction temperature. It found that the content of oxygen element and the number of oxidation active group on coal surface were added by oxidation, demonstrating that the existences of aliphatic chains, functional groups containing oxygen, new free radicals and the increasing of specific surface area. The different oxidation temperatures had different influences on the spontaneous combustion characteristics of oxidized coal. Zhao [31] found there was crossing temperature in oxygen consumption rate and exothermic strength curves between the raw coal and oxidized coal, and oxidized coal in low temperature stage showed stronger abilities of oxygen consumption, through different metamorphic degree of oxidized coal with infrared spectrum and temperature programmed experiment.
Conclusions
So far, the influence factors and mechanism of enhancement or weaken effect for oxidized coal have not been clearly defined and become an important scientific problem to be solved urgently. There are the following shortcomings for spontaneous combustion of oxidized coal: 1) Microstructure characteristics of oxidized coal change in different degrees due to initial oxidation conditions have not been demonstrated;
2) The study on main influence factors of the pre-oxidation temperature and oxygen concentration on oxidation dynamic characteristics of oxidized coal which are different from that in the initial oxidation is less.
Therefore, experimental, theorical and mathematical method should be used to study microstructure features of oxidized coal, determine the influences factors of the degree of oxidation and establish the structure-function relationships between microstructure features and the characteristic of spontaneous combustion of oxidized coal, which have the critical scientific significances on safety mining in the closed distance coal seam group, layering in thick coal seam and re-mining working face.
